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Recent evidence supports the hypothesis of a functional dichotomy of perisomatic inhibition in the
cerebral cortex: the parvalbumin- and cholecystokinin-containing basket cells that are specialized
to control rhythm (as a clockwork) and ‘‘mood’’ (as a fine-tuning device), respectively, of network
oscillations. Pathology extends this conclusion further, as the former is implicated in epilepsy and
the latter in anxiety. The well-balanced cooperation of the two inhibitory systems is required for
the normal network operations underlying the cognitive functions of the cerebral cortex.Introduction
Understanding ‘‘order and variability’’ in GABAergic
circuits and interneuron function in the cerebral cortex
represents one of the most provocative challenges in
contemporary neuroscience (Soltesz, 2005). Although
most agree that division of labor is the major reason for
their fascinating diversity, still, the tremendous variation
in their molecular, anatomical, and physiological features
makes a functional classification extremely difficult. The
most difficult task is to pick the features that should be
used to generate order in the scheme versus those that
only introduce the necessary variability. The essential
branching pattern of the classification scheme published
by Freund and Buzsaki (Freund and Buzsaki, 1996)—
based on a morphofunctional and electrophysiological
analysis—still holds, but the field is exponentially expand-
ing. Currently, at least 16 distinct types have been defined
in the hippocampus (Somogyi and Klausberger, 2005),
and the addition of novel varieties to the list is continuously
being proposed (see for example Jinno et al., 2007).
GABAergic synapses cover almost the entire mem-
brane surface of pyramidal neurons, from the tips of their
thinnest dendritic shafts to the axon initial segments.
These synapses on different domains of pyramidal cell
membrane are supplied by distinct interneuron types,
which subserve specific functional roles in the regulation
of principal cell activity and plasticity (Miles et al., 1996).
Addition of the temporal dimension to interneuron classi-
fication allowed a more precise definition of the functional
‘‘niche’’ of certain types and shed light on the diverse
regulatory mechanisms that they provide to behavior-
dependent network activity patterns during specific time
windows (Somogyi and Klausberger, 2005). Although our
understanding of this diversity is still far from being
complete, a major dichotomy in the inhibitory control of
pyramidal cells has already been established. Interneu-
rons that innervate pyramidal cell dendrites are res-
ponsible for the control of the efficacy and plasticity of glu-
tamatergic inputs from specific sources that terminate in
the same dendritic domain. On the other hand, interneu-
rons targeting the perisomatic region control the output,
most notably the synchrony of action potentials of largeprincipal cell populations (Cobb et al., 1995; Miles et al.,
1996).
While acknowledging the equal functional importance
of dendritic inhibition, the present review will focus on
the so-called basket cells, which mediate perisomatic
inhibition in all areas of the cerebral cortex with a varying
proportion of their boutons terminating in the perisomatic
region (ranging from 25%–30% in neocortex up to 70%–
80% in the case of some hippocampal basket cells). We
define the perisomatic region of pyramidal cells as a do-
main of plasma membrane, which receives almost exclu-
sively GABAergic synapses, and includes the cell body,
the axon initial segment, and the proximal apical and basal
dendrites up to a distance of 100 mm (Megias et al.,
2001; Papp et al., 2001). These dendritic segments con-
tain only very few spines and receive hardly any excitatory
synapses. Due to these similarities, as well as to the
negligible electrotonic distance, they are often called
somaequivalent dendrites. Basket cells are defined in
the present review as GABAergic interneurons, which
form a large proportion of their symmetric synapses on
the cell bodies and somaequivalent dendrites of principal
cells. A convergence of several basket cell axons onto
single pyramidal cells results in complex arrays of boutons
around somata with the appearance of a basket. As it is
often difficult to establish unequivocally at the electron
microscopic level whether a postsynaptic dendrite be-
longs to the proximal spine-free zone or to a more distal
segment, a precise quantitative definition does not exist
for basket cells at the moment (but see Halasy et al.,
1996; Klausberger et al., 2005; Somogyi et al., 1998).
The axon initial segments receive synaptic inputs selec-
tively from another specialized GABAergic interneuron
type, the axo-axonic or chandelier cells (Somogyi, 1977).
This cell type has recently received considerable attention
as a result of a discovery that GABAergic inputs targeting
the axon initial segment have a depolarized reversal
potential compared to those innervating the somatic
domain due to higher intracellular chloride concentrations;
therefore, axo-axonic cells may discharge rather than
inhibit their postsynaptic pyramidal cells (Szabadics
et al., 2006). This finding may assign a unique function toNeuron 56, October 4, 2007 ª2007 Elsevier Inc. 33
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clearly separates them from conventional basket cells in
spite of similarities in firing pattern and parvalbumin
content; therefore, the present review excludes this cell
type (for further reading see Howard et al., 2005).
Two Baskets Carrying Different Fruits
The two major perisomatic inhibitory interneuron types of
the cerebral cortex—the parvalbumin (PV)- and the chole-
cystokinin (CCK)-containing basket cells—represent out-
standing examples of how GABAergic interneurons may
have evolved to subserve specific tasks in the generation
of behavior-dependent electrical activity patterns and
how their malfunctioning may lead to complex neurologi-
cal and psychiatric disorders. The functional dichotomy
of these two basket cell types is associated with charac-
teristically different connectivity and expression patterns
for receptors, transmitters, and modulators (Freund,
2003). Several lines of research support the hypothesis
that the PV-containing basket cells operate as clockworks
for cortical network oscillations, whereas CCK-containing
interneurons function as a plastic fine-tuning device. The
latter cells modulate synchronous ensemble activities as
a function of subcortical inputs that carry information
about motivation, emotions, and the autonomic state of
the animal (the ‘‘inner world’’; Buzsaki, 1996), whereas
the former have only a few receptor types for subcortical
modulatory signals, but are efficiently and faithfully driven
by local principal cells, as expected from an ‘‘oscillator’’
(Freund, 2003). Consequently, a collapse of the PV cell
system is expected to result in a serious impairment of
all cortical functions, whereas malfunctioning of the fine-
tuning device may lead to mood disorders, most notably
to anxiety. Support of this reasoning is given by the fact
that many features of CCK cells that distinguish them
from PV cells are strongly implicated in anxiogenesis
(Freund, 2003). For example, CCK (but not PV) cells
receive input from serotonergic fibers via 5-HT3 receptors
and express nicotinic a7 and a4 receptors postsynapti-
cally, as well as CB1 cannabinoid receptors presynapti-
cally. CCK (but not PV) basket cells influence their target
pyramidal cells by GABA acting via GABAA receptors
enriched in a2 subunits that are known to mediate the
anxiolytic effects of benzodiazepines, and they also
release CCK, which has anxiogenic effects via CCK2
receptors (Figure 1A). Recent studies are in agreement
with predictions of this hypothesis and shed new light on
the possible functions of these two cell types, both in
hippocampal and neocortical networks. The present
review aims to summarize these characteristics from the
point of a differential presynaptic control of GABA release
from, and afferent input to, CCK- and PV-positive basket
cells and will discuss their causal relationship to the spe-
cific functional roles these neurons may have to fulfill.
The Clockwork Has to Tick Precisely
Temporal precision in firing is dependent largely on the
precision of input transduction. In the hippocampus,34 Neuron 56, October 4, 2007 ª2007 Elsevier Inc.both cell types have dendritic trees that span all layers;
therefore, electrical stimulation in any layer evokes excit-
atory postsynaptic currents in both CCK and PV basket
cells (Glickfeld and Scanziani, 2006). However, according
to electron microscopic reconstructions, PV cells (the
clockwork) receive three times more asymmetrical,
presumed local glutamatergic inputs than CCK cells
(Gulya´s et al., 1999; Ma´tya´s et al., 2004), and the peak
amplitude of excitatory postsynaptic currents (EPSCs)
is 7.5 times larger in PV cells compared to CCK cells.
Remarkably, these large-amplitude synaptic events
exhibit precisely timed submillisecond AMPA receptor-
mediated conductance changes on fast-spiking (presum-
ably PV-positive) basket cells, but show only a small
NMDA receptor-mediated component (Geiger et al.,
1997) in accordance with the low expression level of
NMDA receptors at these synapses (Nyiri et al., 2003).
Further differences between the two basket cell types
exist in the short-term synaptic plasticity properties of
their glutamatergic inputs, as EPSCs received by CCK-
positive cells express more robust short-term depression
(Glickfeld and Scanziani, 2006), which may also contribute
to their weaker and transient recruitment upon repetitive
stimulation. Due to their short membrane time constants,
PV cells are able to faithfully follow high-frequency repet-
itive stimulation, whereas long time constants allow CCK
cells to integrate over much greater time windows (Glick-
feld and Scanziani, 2006). The CCK cells do need this
property, because they represent the major targets of
subcortical afferent fibers (Ferezou et al., 2002; Freedman
et al., 1993; Freund et al., 1990; Morales and Bloom, 1997;
Porter et al., 1999) that are often slow-conducting, unmy-
elinated, and activate their targets with a considerable
jitter (Jacobs and Azmitia, 1992). In addition, CCK cells
are uniquely suited to integrate feed-forward and recur-
rent excitation from hippocampal principal cells: while
both PV and CCK cells are wired into both feed-forward
and feed-back circuits, only PV cells contribute to
Schaffer collateral stimulation-evoked fast disynaptic
IPSCs in CA1, probably because this input alone is
insufficient to discharge the CCK cells, at least in vitro
(they have much less numerous glutamatergic inputs,
and even those are weaker, see above). However, if
Schaffer collateral stimulation is strong enough to dis-
charge CA1 pyramidal neurons (that provide feed-back
input to CA1 interneurons), the fast IPSC is followed by
a later component mediated by interneurons integrating
feed-forward with feed-back drive. This late component
is largely mediated by the CCK cells (Figure 1), which
are able to integrate over broad time windows due to their
long membrane time constants (Glickfeld and Scanziani,
2006).
Both in vivo and in vitro studies in the hippocampal CA3
region demonstrate that perisomatic inhibitory cells serve
as active current generators in pyramidal neurons during
gamma oscillations (Csicsva´ri et al., 2003; Mann et al.,
2005) and follow pyramidal cell discharges by a monosyn-
aptic delay in an in vitro model (Ha´jos et al., 2004) as well
Neuron
ReviewFigure 1. Field Guide to Hippocampal
Basket Cells: Input
(A) Major distinguishing features of the PV and
CCK basket cells on the input side are the
following: PV cells have at least three times
more glutamatergic synaptic (mostly Schaffer
collateral) inputs than CCK cells, whereas the
latter receive serotonergic input from the
median raphe and express 5-HT3, nicotinic a7
and a4 receptors. This is consistent with a
predominantly local excitatory drive for PV
cells and a massive subcortical contribution
in case of CCK cells. GABAergic input of
CCK cells is about twice as dense as that of
PV cells. The white outline of the CCK cells
indicates a longer membrane time constant.
(B) Stimulation of Schaffer collaterals readily
discharges PV cells, which are predominantly
feed-forward driven.
(C) On the other hand, due to their longer time
constant, CCK cells have a unique ability to
summate feed-forward and feed-back inputs,
and will fire only when local pyramidal cells
are also activated (Glickfeld and Scanziani,
2006). The red halo around axon terminals
indicates activation and transmitter release
from the boutons, whereas action potential
discharge in cell bodies is signified by translu-
cent stars. (Artwork by Dr. Ga´bor Nyı´ri.)as in vivo. Thus, an intact glutamatergic input to one of the
basket cell types, or to both, is indispensable for popula-
tion synchrony at gamma frequency under those condi-
tions. Selective knockout of the predominant AMPA
receptor subunit, GluRA, from PV cells (or in an alternative
mouse model, knockout of the GluRD subunit, which is
largely restricted to the PV-positive cell population) was
shown to reduce their phasic excitatory drive (Fuchs
et al., 2007). As a consequence, PV-positive interneurons
exhibited reduced spiking activity, the temporal precision
of these spikes was disrupted, and most importantly, the
power of gamma oscillations was profoundly decreased.
These findings support the hypothesis that AMPA recep-
tor-mediated feed-back excitation of PV-containing bas-
ket cells by the recurrent collaterals of CA3 pyramidal cells
is necessary for gamma oscillations. Importantly, a similar
scenario also exists in the neocortex, where the firing of
fast-spiking cells precisely follows the presynaptic pyra-
midal cell activity pattern due to the fast kinetics of post-
synaptic conductances (Galarreta and Hestrin, 2001).
This feature then enables local networks of PV-positive
fast-spiking cells to detect coincident excitatory activity
and to enter into coherent oscillation in the gamma
frequency range through the synergistic activity of their
proximally targeted chemical and electrical synapses
(Tamas et al., 2000).
Region-specific differences in the precise timing of PV-
positive basket cell firing has been uncovered recently in
the dentate gyrus (Vida et al., 2006). The reversal potentialof GABAA receptor-mediated inhibition in PV-positive bas-
ket cells is shifted to more depolarized values relative to the
resting potential, and the resulting shunting inhibition sup-
ports network oscillations in the gamma frequency range
by homogenizing interneuronal firing rates. However, this
is unlikely to be a characteristic feature of PV cells in the
CA1-3 regions if KCC2 or NKCC expression correlates
with GABAA reversal potential, as, for example, PV-posi-
tive basket cells express high levels of KCC2 in these sub-
fields, but not in the dentate gyrus (Gulya´s et al., 2001). On
the other hand, there is evidence that CA3 interneurons re-
ceive shunting inhibition throughout development (Banke
and McBain, 2006), although those interneurons were
located in stratum lucidum and are unlikely to include
PV-containing basket cells. This implies that PV basket
cells may have more hyperpolarized reversal potential for
GABAA receptor-mediated IPSPs in the CA3 region, where
gamma oscillations are typically generated. Thus, distinct
region-specific mechanisms—such as feed-back excita-
tion and/or shunting GABAergic inhibition—may underlie
the precise timing of PV-positive basket cell activity during
fast rhythmic population synchrony.
Whether recruitment of PV-positive basket cells by the
phasic excitatory drive is a necessary and sufficient con-
dition for the generation of these oscillatory patterns or
CCK basket cells are also required is still an open ques-
tion. In the CA1 region, only an integrated action of
a feed-forward and feed-back drive can activate CCK
cells, which means that they may be recruited only asNeuron 56, October 4, 2007 ª2007 Elsevier Inc. 35
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(Glickfeld and Scanziani, 2006). Thus, if the driving gluta-
matergic stimulus is indeed arriving from CA3 Schaffer
collaterals, participation of CCK cells would interfere
with gamma frequency synchrony in CA1, because they
would inhibit pyramidal cells out of phase with PV cells.
On the other hand, in the CA3 region, which can produce
gamma oscillation even if completely isolated, all interneu-
rons in the minislice are driven exclusively in a feed-back
manner by recurrent collaterals of local pyramidal cells
(Fisahn et al., 1998), thereby generating coherent rhythmic
synchrony. CCK cells can be recruited only transiently by
repetitive stimulation (Glickfeld and Scanziani, 2006);
thus, even if entrained by the EPSC barrage at gamma
frequency, their involvement is likely limited to the first
couple of gamma cycles. This may also explain why
CCK basket cells are only modestly, phase-dependently
tuned to gamma oscillations in vivo (Tukker et al., 2007;
see below for further details). Activation of CB1 cannabi-
noid receptors, which are present on CCK-positive but
not on PV-containing axons, remarkably reduces the
power of gamma oscillations (Ha´jos et al., 2000). However,
according to recent evidence, this may be due, at least in
part, to a presynaptic inhibition of glutamate release from
CA3 pyramidal cell collaterals, which also express low
levels of CB1 receptors (Katona et al., 2006; Kawamura
et al., 2006; Monory et al., 2006; Robbe et al., 2006).
The temporal precision of the clockwork may be further
enhanced by the tight coupling of P/Q-type Ca2+ channels
and Ca2+ sensors expressed in the PV basket terminals
(Hefft and Jonas, 2005), which may also explain the lack
of facilitation or potentiation (Kraushaar and Jonas, 2000)
required for a clockwork function. In contrast, axon termi-
nals of CCK cells express N-type Ca2+ channels, which are
loosely coupled to the Ca2+ sensor (Hefft and Jonas, 2005)
and thus do not allow a precise following of fast signals,
but rather favor integration. The large jitter in latency distri-
bution uncovered that GABA release from the CCK-posi-
tive basket terminals is largely asynchronous, similar to
previous observations in the CA1 region (Maccaferri
et al., 2000), whereas PV-positive basket cells release
GABA in a more synchronized manner (Hefft and Jonas,
2005). The fluctuating GABA release from CCK-positive
basket cells and the resulting long-lasting inhibition (Glick-
feld and Scanziani, 2006) can also be explained by the
unexpected finding of multiple release sites within single
active zones of synaptic contacts formed by CCK-positive
basket cells. Combining paired recordings and post hoc
electron microscopic reconstruction of CCK-positive
axon terminals, Biro´ and colleagues revealed that the elec-
trophysiologically determined number of functional re-
lease sites is 5-fold larger than the number of morpholog-
ically identified active zones (Biro´ et al., 2006).
Distinct PresynapticModulation of the TwoBasket
Cell Types
In addition to the uniquely imprecise release machinery
and the ability to integrate feed-forward with feed-back36 Neuron 56, October 4, 2007 ª2007 Elsevier Inc.drives from pyramidal cells, as well as with subcortical
modulatory inputs, CCK cells are distinguished from their
PV-containing counterparts by their selective expression
of presynaptic receptors (Figure 2). The most profound
difference has been observed in the distribution of CB1
cannabinoid receptors, which densely cover CCK-posi-
tive axon terminals but are completely absent from PV
cells and most other interneurons. These receptors medi-
ate not only the psychoactive effects of the biologically
active compound of marijuana (D9-THC), but also predis-
pose these cells to a retrograde, endocannabinoid-medi-
ated modulation of transmitter release dependent on
target cell activity, a phenomenon termed depolariza-
tion-induced suppression of inhibition, or DSI (Freund
et al., 2003; Wilson and Nicoll, 2002). The presence of
CB1 receptors on CCK basket terminals endows these
inhibitory connections also with several additional forms
of short- and long-term synaptic plasticity. According to
recent evidence, a tonic synthesis and release of the major
endocannabinoid, 2-arachidonoylglycerol (2-AG; Hashi-
motodani et al., 2007), by the postsynaptic cell (Neu
et al., 2007)—balanced with a continuous metabolism of
2-AG by monoacylglycerol lipase (MGL) in the presynaptic
terminals (Dinh et al., 2002; Gulya´s et al., 2004; Hashimo-
todani et al., 2007)—determines the level of tonic control
of transmitter release and could explain the muting of
some CCK cells (Losonczy et al., 2004). The degree
of tonic muting is dependent on the firing frequency of
the CCK cell itself (Foldy et al., 2006), as depolarization
and/or Ca2+ accumulation in presynaptic terminals (that
occurs, for example, over a 20 Hz firing rate) may releave
N-type channels from G protein-mediated inhibition. In
addition to this phenomenon of homosynaptic depres-
sion (Neu et al., 2007), Ca2+ transients that follow tetanic
stimulation may also contribute to various other forms
of endocannabinoid-mediated synaptic plasticity, e.g.,
heterosynaptic iLTD, a lasting suppression of inhibition
(Chevaleyre and Castillo, 2003). This phenomenon
requires CB1 receptor activation for induction and is
brought about by high-frequency stimulation of glutama-
tergic fibers or a prolonged stimulation of group I mGluRs
on pyramidal cells. Downstream of CB1 activation, the
trigger of cAMP/PKA signaling and persistent modification
of RIM1a is required for maintenance of the iLTD phenom-
enon (Chevaleyre et al., 2007). It is noteworthy that the
above two forms of plasticity coexist within the same
axon terminals of CCK basket cells and require the
same core molecular participant, the CB1 cannabinoid
receptor, for induction. However, they utilize different
signaling pathways for expression, thereby ensuring
distinct timing properties. One potential explanation may
reside in the double peak in the subcellular distribution
of CB1 receptors along the axon terminal membrane (Nyiri
et al., 2005), i.e., those receptors that accumulate perisy-
naptically are in a position to receive 2-AG from a homosy-
naptic source and regulate N-type calcium channels,
whereas those receptors that cover the preterminal seg-
ments could receive their ligands from neighboring
Neuron
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Basket Cells: Output
A plethora of distinct molecular, morphologi-
cal, and physiological features distinguish the
boutons formed by the two GABAergic basket
cell types on cell bodies of cortical pyramidal
neurons. Action potentials with a nonaccomo-
dating firing pattern arrive from the cell body of
fast-spiking parvalbumin (PV)-positive inter-
neurons to the terminals, where they open
Cav2.1 (P/Q-type) calcium channels. These
channels are concentrated at the active zone
to ensure precisely timed univesicular release.
In contrast, action potentials with an accomo-
dating firing pattern arrive from the soma of
regular-spiking cholecystokinin (CCK)-positive
interneurons to their terminals, where they
exclusively open Cav2.2 (N-type) calcium
channels. These channels are distributed
throughout the bouton, but not at the active
zones, resulting in loose coupling between
the Ca2+ source and the Ca2+ sensor of exocy-
tosis. Furthermore, these axon terminals have
several active zones that allow multivesicular
release in an asynchronous manner. The two
axon terminal types differ also with regard to presynaptic regulation, as PV-positive axon terminals have receptors for acetylcholine (M2 muscarinic)
as well as for enkephalins or b-endorphin (m-opioid receptor). In contrast, GABA release from CCK-positive axon terminals can be efficiently controlled
by endocannabinoids (predominantly 2-AG) through the CB1 cannabinoid receptor and by autocrine GABAB receptors. Finally, estrogen may mobilize
the vesicle clusters to the active zone upon activation of estrogen receptor-a located on the vesicle membranes within a third of the CCK-positive
axon terminals. Note that axon terminals are enlarged for clarity, and their relative sizes are not in scale with the pyramidal cell body. (Artwork by
Dr. Ga´bor Nyı´ri.)excitatory synapses and activate the long-term cAMP/
PKA pathway. Finally, a permanently altered (enhanced)
CB1-mediated supression of IPSCs has been observed
also in a seizure model (Chen et al., 2003). This phenome-
non takes place following stimulation of excitatory affer-
ents and requires a CB1 and AMPA/kainate receptor-
dependent pathway (Chen et al., 2007).
Recent experiments in our laboratory demonstrated
that endocannabinoids may cooperate with nitric oxide
in intercellular communication in a cell type-specific
manner. We provided evidence for the presence of the
molecular machinery required for an NO-mediated retro-
grade control of GABA release at the synapses of both
CCK and PV basket cells (Szabadits et al., 2007). Neuronal
NO synthase (nNOS) was found postsynaptically in pyra-
midal cell bodies within the GABAergic synaptic active
zones; they were accompanied by the presynaptic pres-
ence of the NO receptor, NO-sensitive guanylyl cyclase
(NO-sGC), while NO donors were found to elevate immu-
noreactive cGMP levels in CCK basket terminals (Makara
et al., 2007). On the other hand, CB1-dependent DSI of
cholinergically enhanced spontaneous or evoked IPSCs
has been blocked by inhibitors of NOS or NO-sGC, as
well as by NO scavengers, while a cGMP analog reduced
IPSC charge transfer and occluded DSI. These data sug-
gest that NO and endocannabinoids may cooperate under
some circumstances to modulate GABA release from
CCK basket terminals (Makara et al., 2007), whereas NO
might do it alone for the PV-containing interneurons
(Szabadits et al., 2007).
Another metabotropic receptor on GABAergic axons,
using the same G protein as CB1, is the GABAB receptor.
In spite of the anatomical demonstration of GABAB recep-tor expression by CCK- but not by PV-containing cells
(Sloviter et al., 1999), the selectivity at the level of axon
terminals and autoreceptor-mediated inhibition of GABA
release is still uncertain (Lambert and Wilson, 1993). Nev-
ertheless, recent evidence suggests that CB1 and GABAB
act on the same set of CCK-positive axon terminals and
influence N-type Ca2+ channels by the same G proteins
in a similar Ca2+-sensitive manner (Neu et al., 2007).
An interesting novel finding in relation to the differential
presynaptic control of the two basket cell types came from
a rather unexpected direction. The expression of estrogen
a receptor has been demonstrated in perisomatic CCK-
containing, but not in PV-positive, boutons. Subcellular
localization revealed that the receptor was associated
with synaptic vesicle clusters, where estrogen appears
to decrease the number of docked vesicles, thereby re-
ducing GABA release (Hart et al., 2007). Thus, yet another
messenger reporting about the autonomic state of the
animal—that accompanies motivation and emotions as
parts of our inner world—finds a selective access to the
CCK-containing basket cells and influences the fine-
tuning rather than the clockwork of cortical oscillations.
It is not surprising then that estrogen receptor a has
been implicated in anxiety (Comings et al., 1999; Tiemeier
et al., 2005), similar to most of the other receptors modu-
lating CCK but not PV cell activity (Freund, 2003).
Although operating as clockworks, the PV-containing
basket cells are not entirely without presynaptic modula-
tion. Both M2 muscarinic (Fukudome et al., 2004; Ha´jos
et al., 1998) and m opioid receptors (Drake and Milner,
2002; Neu et al., 2007) are expressed in PV- but only
occasionally in CCK-containing basket cells (Neu et al.,
2007), at least in the hippocampus. Activation of theseNeuron 56, October 4, 2007 ª2007 Elsevier Inc. 37
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terminals of the PV cells, which should profoundly inter-
fere with gamma oscillations. No direct evidence exists
for the effect of M2 receptor activation due to the lack of
selective agonists, but a study testing the effects of m
opioid receptor activation suggests that this is indeed
the case (Whittington et al., 1998). Conversely, M2 antag-
onists in charbachol-induced gamma enhance the power
of the oscillation under some circumstances (Palhalmi
et al., 2004), as expected from a disinhibitory action on
PV-positive axon terminals.
Why Get Rid of the Fine-Tuning but Not
the Default Rhythm?
The most powerful forms of presynaptic inhibition of
GABAergic transmission—e.g., by CB1 cannabinoid or
GABAB receptors—appear to selectively affect IPSCs
elicited by the CCK- but not those by the PV-positive inter-
neurons. These Gi/o-coupled receptors inhibit GABA
release from CCK basket cell terminals as a function of
either postsynaptic (via endocannabinoid release from
the postsynaptic cell) or presynaptic activity (by autore-
ceptor-mediated GABA action), but the reason why these
modulatory effects are confined to the fine-tuning machin-
ery and avoid the clockwork is still unknown. All available
evidence indicates that cortical principal cells (granule
cells in the dentate gyrus; pyramidal neurons in the CA3
and CA1 subfields of the hippocampus, layer II-III, and
the majority of layer V-VI pyramidal neurons) are able to
synthesize and release endocannabinoids and thereby
regulate a select population of their incoming GABAergic
input. The obvious questions are why and under what
behavioral conditions do principal cells need to break
free from this component of perisomatic inhibition, and
what are the physiological signals that evoke postsynaptic
endocannabinoid release? The functionally most interest-
ing question is why only a subset of GABAergic synaptic
signals, i.e., those derived from the CCK-containing inter-
neurons, can be vetoed by endocannabinoid release?
An important finding that considerably advanced the
understanding of the above questions is that firing of the
PV- and the CCK-positive basket cells in the living animal
is preferentially distributed into time windows that are
shifted in phase relative to each other during the same
rhythmic network activity pattern (Klausberger et al.,
2003, 2005). These experiments demonstrate that the
two basket cell types fill different functional niches in the
organization of cortical network activity. Spike timing
has been studied during three EEG patterns: theta activity
associated with exploratory behavior or paradoxical
sleep, gamma oscillation nested in theta activity or during
nontheta brain states, and sharp waves or high-frequency
ripples that accompany slow-wave sleep and consumma-
tory behavior. PV cells were shown to faithfully discharge
during sharp waves at high frequency, whereas CCK cells
were poorly and unpredictably recruited. Knowing that
a large proportion of local principal cells discharge during
sharp waves, particularly in the CA3 region (Buzsaki,38 Neuron 56, October 4, 2007 ª2007 Elsevier Inc.1986), the consistent recruitment of PV cells into the pop-
ulation bursts provides further evidence that these inter-
neurons are driven primarily by local pyramidal cells in
CA3 and by Schaffer collaterals in a feed-forward manner
in CA1. On the other hand, the inconsistent behavior of
CCK cells may be explained by the fact that they receive
only a third of the excitatory inputs compared to PV cells,
and even that is partly of subcortical origin. During theta
activity, both basket cell types fire during the peak of the
extracellularly recorded theta waves, but the activity of
CCK cells is shifted toward the ascending phase, whereas
PV-positive basket cells fire preferentially during the de-
scending phase (Klausberger et al., 2003, 2005). The early
firing of CCK cells relative to PV cells may be explained by
the fact that they have long membrane time constants and
do not seem to receive disynaptic inhibition following
Schaffer collateral stimulation. These features result in
a unique ability to summate excitatory input from several
different sources (e.g., from sequentially activated CA3
pyramidal cells and/or entorhinal grid cells with different
place fields and/or grids, respectively) within a relatively
broad time window (Glickfeld and Scanziani, 2006). On
the other hand, as shown in the same study, CCK cells
can be recruited only transiently by repetitive stimulation
of the same afferents, while PV basket cells are able to
fire throughout a long, high-frequency train of stimuli.
Thus, although CCK cells may start firing first, e.g., already
during the ascending phase of extracellularly recorded
theta, their firing will quickly diminish, but PV basket cells
will continue firing throughout the descending phase of the
theta cycle, until silenced (together with other interneuron
types) by GABAergic inhibition from the medial septal
pacemaker cells. Importantly, CCK cells likely release
CCK as well during the short train of action potentials
they fire during the ascending phase. This may contribute
to the subsequent recruitment of PV basket cells, as re-
cent evidence suggests that CCK can massively enhance
the firing of PV cells (Foldy et al., 2007; Karson et al., 2007).
However, the phase relationship of firing of various cell
types can profoundly change with anesthesia. CCK cells
might be particularly influenced by anesthetics, as they
are among the major targets of subcortical pathways
that play important roles in arousal, attention, motivation,
and emotions. In contrast, drugs modifying local cortical
inhibition or excitation (GABA or glutamate) interfere with
the oscillations themselves, partly by changing the effi-
cacy of inhibition mediated by the PV cells (Faulkner
et al., 1998). Therefore, data about activity patterns of
identified interneurons from unanesthetized animals are
indispensable for any conclusions about their function in
behaviorally relevant EEG patterns. Encouraging attempts
have been made—cells with a phase relationship to hip-
pocampal theta similar to CCK cells in the anesthetized
preparation have been recorded in awake animals, but
the identity of the recorded interneuron type could not
yet be determined (Klausberger et al., 2005).
Until such data become available, some hypotheses
based on indirect lines of evidence can be generated.
Neuron
ReviewThe possible functional role of an endocannabinoid-medi-
ated downregulation of inhibition from CCK basket cells
during theta oscillations has been proposed in our earlier
review (Freund et al., 2003). We speculated that burst
firing of hippocampal pyramidal cells (when entering
their place fields; Harris et al., 2001), in conjunction with
cholinergic activation accompanying theta activity, create
ideal conditions for endocannabinoid release. This will
then reduce CCK basket cell-mediated IPSCs, which—
together with an enhanced excitation—may allow these
pyramids to fire at earlier and earlier phases of the theta
cycle relative to the population, a phenomenon called
phase precession (O’Keefe and Recce, 1993). This way,
the coding pyramidal cells can get rid of the entrainment,
at least of the inhibition imposed on them by the CCK bas-
ket cells, and thereby dissociate their activity in time from
the rest of the population, which could be functionally
important from the point of temporal coding in cortical
networks (Maurer and McNaughton, 2007). When firing
within the time windows of phase precession (i.e., when
CCK cell-mediated inhibition is down and designated
pyramidal cells are supposed to process specific, e.g.,
place field-related signals), the coding neurons should still
be precisely synchronized. This is likely ensured via
gamma oscillations generated by the ensemble activity
of PV-containing basket cells that are not affected by
endocannabinoids.
Gamma power increases with attention, selectively in
space and time, suggesting that precise (2–3 ms) syn-
chrony of coding neurons is of fundamental importance
for cortical information processing (Jensen et al., 2007).
This synchrony may ensure that backpropagating action
potentials in the postsynaptic neurons will coincide at
a 2–3 ms precision with activity in the presynaptic cells,
thereby allowing Hebbian potentiation of synaptic con-
tacts between neurons that carry information at that
particular moment. Subcortical pathways, and conse-
quently their cortical targets, appear to play a major role
in arousal and attention. CCK cells, as one of the effectors
of subcortical fine-tuning, may contribute in multiple ways.
The properties of inhibitory events generated by the CCK
cell ensemble (e.g., IPSC frequency, amplitude, time-
to-peak, decay time constant, release probability, asyn-
chronous release), together with the characteristics of
the resulting oscillatory activity, as well as the magnitude
of its phase shift compared to the oscillation brought
about by the clockwork (the PV cell network), may deter-
mine whether CCK cell activity will amplify or reduce
gamma power by interference. Thus, when rhythmic
CCK cell activity (even if quickly accomodating), or the
release properties of their axons, is changed in whatever
direction, the correspondence of the PV and CCK basket
cell-mediated rhythms may suffer and produce impaired
cognitive functions. On the other hand, the location of
CCK (and CB1)-containing inhibitory synapses on target
pyramidal cells may be consistent with another interpreta-
tion. Unlike PV basket cells, CCK cells innervate not only
the somata, but also the dendritic tree of pyramidalneurons (Ha´jos et al., 2000; Cope et al., 2002; Pawelzik
et al., 2002) and are therefore ideally suited to modulate
active Na+ and Ca2+ conductances in the dendrites,
thereby controlling the backpropagating action potentials
necessary for associative LTP. Indeed, the cannabinoid-
mediated elimination of this inhibitory effect from the
dendrites of hippocampal pyramidal cells can lower the
threshold for LTP (Carlson et al., 2002). However, CCK
cells are definitely not the sole regulators of synaptic plas-
ticity in the dendrites. A recent study demonstrates that
bistratified cells are also tuned to gamma oscillations
and may contribute to the synchronization of secondary
dendritic branches (Tukker et al., 2007).
Conclusions
Recent experimental data fully support the hypothesis of
a functional dichotomy of perisomatic inhibition, i.e., the
PV- and CCK-containing basket cells do seem to special-
ize for the control of rhythmic population synchrony
versus mediating subcortical and local modulatory sig-
nals, respectively, required for cortical network activities.
Pathology often provides important clues to function, as
it happens also in the case of perisomatic inhibition.
Epilepsy is known to be a disorder of abnormal rhythmic
synchrony in cortical networks, and indeed, the PV-con-
taining interneurons were shown to be critically involved
(Cossart et al., 2005; Magloczky and Freund, 2005; Ogi-
wara et al., 2007), unlike CCK-containing interneurons
(Monory et al., 2006). On the other hand, at least six differ-
ent receptors that are implicated in anxiety (5-HT3,
nicotinic a7 and a4, CB1, GABAA enriched in a2 subunit,
estrogen a) converge onto the CCK-containing cells, but
are absent or expressed at very low levels in PV cells
(Freund, 2003). Thus, the tight and well-balanced cooper-
ation of the clockwork and the fine-tuning device is
required for normal network operations related to cogni-
tive functions of the cerebral cortex, and the underlying
specific interneuron types may represent ideal drug
targets for the pharmacotherapy of epilepsy and mood
disorders.
ACKNOWLEDGMENTS
The authors are grateful to Drs. G. Buzsa´ki, A. Gulya´s, N. Ha´jos, I.
Mody, G. Nyiri, and V. Varga as well as to Dr. P. Somogyi and to the
anonymous reviewers for their helpful comments on the manuscript
and to Dr. G. Nyiri for his help with the summary diagrams. The study
has been supported by EU (LSHM-CT-2004-005166) and by the
Howard Hughes Medical Institute, OTKA (T46820) and (F046407).
I.K. is a grantee of the Ja´nos Bolyai scholarship.
REFERENCES
Banke, T.G., and McBain, C.J. (2006). GABAergic input onto CA3
hippocampal interneurons remains shunting throughout development.
J. Neurosci. 26, 11720–11725.
Biro´, A.A., Holderith, N.B., and Nusser, Z. (2006). Release probability-
dependent scaling of the postsynaptic responses at single hippocam-
pal GABAergic synapses. J. Neurosci. 26, 12487–12496.Neuron 56, October 4, 2007 ª2007 Elsevier Inc. 39
Neuron
ReviewBuzsaki, G. (1986). Hippocampal sharp waves: their origin and signif-
icance. Brain Res. 398, 242–252.
Buzsaki, G. (1996). The hippocampo-neocortical dialogue. Cereb.
Cortex 6, 81–92.
Carlson, G., Wang, Y., and Alger, B.E. (2002). Endocannabinoids
facilitate the induction of LTP in the hippocampus. Nat. Neurosci. 5,
723–724.
Chen, K., Ratzliff, A., Hilgenberg, L., Gulyas, A., Freund, T.F., Smith,
M., Dinh, T.P., Piomelli, D., Mackie, K., and Soltesz, I. (2003). Long-
term plasticity of endocannabinoid signaling induced by developmen-
tal febrile seizures. Neuron 39, 599–611.
Chen, K., Neu, A., Howard, A.L., Foldy, C., Echegoyen, J., Hilgenberg,
L., Smith, M., Mackie, K., and Soltesz, I. (2007). Prevention of plasticity
of endocannabinoid signaling inhibits persistent limbic hyperexcitabil-
ity caused by developmental seizures. J. Neurosci. 27, 46–58.
Chevaleyre, V., and Castillo, P.E. (2003). Heterosynaptic LTD of hippo-
campal GABAergic synapses: a novel role of endocannabinoids in
regulating excitability. Neuron 38, 461–472.
Chevaleyre, V., Heifets, B.D., Kaeser, P.S., Sudhof, T.C., and Castillo,
P.E. (2007). Endocannabinoid-mediated long-term plasticity requires
cAMP/PKA signaling and RIM1alpha. Neuron 54, 801–812.
Cobb, S.R., Buhl, E.H., Halasy, K., Paulsen, O., and Somogyi, P.
(1995). Synchronization of neuronal activity in hippocampus by individ-
ual GABAergic interneurons. Nature 378, 75–78.
Comings, D.E., Muhleman, D., Johnson, P., and MacMurray, J.P.
(1999). Potential role of the estrogen receptor gene (ESR1) in anxiety.
Mol. Psychiatry 4, 374–377.
Cope, D.W., Maccaferri, G., Marton, L.F., Roberts, J.D., Cobden, P.M.,
and Somogyi, P. (2002). Cholecystokinin-immunopositive basket and
Schaffer collateral-associated interneurones target different domains
of pyramidal cells in the CA1 area of the rat hippocampus. Neurosci-
ence 109, 63–80.
Cossart, R., Bernard, C., and Ben-Ari, Y. (2005). Multiple facets of
GABAergic neurons and synapses: multiple fates of GABA signalling
in epilepsies. Trends Neurosci. 28, 108–115.
Csicsva´ri, J., Jamieson, B., Wise, K.D., and Buzsaki, G. (2003). Mech-
anisms of gamma oscillations in the hippocampus of the behaving rat.
Neuron 37, 311–322.
Dinh, T.P., Carpenter, D., Leslie, F.M., Freund, T.F., Katona, I., Sensi,
S.L., Kathuria, S., and Piomelli, D. (2002). Brain monoglyceride lipase
participating in endocannabinoid inactivation. Proc. Natl. Acad. Sci.
USA 99, 10819–10824.
Drake, C.T., and Milner, T.A. (2002). Mu opioid receptors are in discrete
hippocampal interneuron subpopulations. Hippocampus 12, 119–136.
Faulkner, H.J., Traub, R.D., and Whittington, M.A. (1998). Disruption of
synchronous gamma oscillations in the rat hippocampal slice: a com-
mon mechanism of anaesthetic drug action. Br. J. Pharmacol. 125,
483–492.
Ferezou, I., Cauli, B., Hill, E.L., Rossier, J., Hamel, E., and Lambolez, B.
(2002). 5–HT3 receptors mediate serotonergic fast synaptic excitation
of neocortical vasoactive intestinal peptide/cholecystokinin interneu-
rons. J. Neurosci. 22, 7389–7397.
Fisahn, A., Pike, F.G., Buhl, E.H., and Paulsen, O. (1998). Cholinergic
induction of network oscillations at 40 Hz in the hippocampus in vitro.
Nature 394, 186–189.
Foldy, C., Neu, A., Jones, M.V., and Soltesz, I. (2006). Presynaptic,
activity-dependent modulation of cannabinoid type 1 receptor-medi-
ated inhibition of GABA release. J. Neurosci. 26, 1465–1469.
Foldy, C., Lee, S.Y., Szabadics, J., Neu, A., and Soltesz, I. (2007). Cell
type-specific gating of perisomatic inhibition by cholecystokinin. Nat.
Neurosci. 10, 1128–1130.40 Neuron 56, October 4, 2007 ª2007 Elsevier Inc.Freedman, R., Wetmore, C., Stromberg, I., Leonard, S., and Olson, L.
(1993). Alpha-bungarotoxin binding to hippocampal interneurons:
immunocytochemical characterization and effects on growth factor
expression. J. Neurosci. 13, 1965–1975.
Freund, T.F. (2003). Interneuron diversity series: Rhythm and mood in
perisomatic inhibition. Trends Neurosci. 26, 489–495.
Freund, T.F., and Buzsaki, G. (1996). Interneurons of the hippocam-
pus. Hippocampus 6, 347–470.
Freund, T.F., Gulyas, A.I., Acsady, L., Gorcs, T., and Toth, K. (1990).
Serotonergic control of the hippocampus via local inhibitory interneu-
rons. Proc. Natl. Acad. Sci. USA 87, 8501–8505.
Freund, T.F., Katona, I., and Piomelli, D. (2003). Role of endogenous
cannabinoids in synaptic signaling. Physiol. Rev. 83, 1017–1066.
Fuchs, E.C., Zivkovic, A.R., Cunningham, M.O., Middleton, S., Lebeau,
F.E., Bannerman, D.M., Rozov, A., Whittington, M.A., Traub, R.D.,
Rawlins, J.N., and Monyer, H. (2007). Recruitment of parvalbumin-
positive interneurons determines hippocampal function and associ-
ated behavior. Neuron 53, 591–604.
Fukudome, Y., Ohno-Shosaku, T., Matsui, M., Omori, Y., Fukaya, M.,
Tsubokawa, H., Taketo, M.M., Watanabe, M., Manabe, T., and Kano,
M. (2004). Two distinct classes of muscarinic action on hippocampal
inhibitory synapses: M2-mediated direct suppression and M1/M3-
mediated indirect suppression through endocannabinoid signalling.
Eur. J. Neurosci. 19, 2682–2692.
Galarreta, M., and Hestrin, S. (2001). Spike transmission and syn-
chrony detection in networks of GABAergic interneurons. Science
292, 2295–2299.
Geiger, J.R., Lubke, J., Roth, A., Frotscher, M., and Jonas, P. (1997).
Submillisecond AMPA receptor-mediated signaling at a principal
neuron-interneuron synapse. Neuron 18, 1009–1023.
Glickfeld, L.L., and Scanziani, M. (2006). Distinct timing in the activity
of cannabinoid-sensitive and cannabinoid-insensitive basket cells.
Nat. Neurosci. 9, 807–815.
Gulya´s, A.I., Megias, M., Emri, Z., and Freund, T.F. (1999). Total
number and ratio of excitatory and inhibitory synapses converging
onto single interneurons of different types in the CA1 area of the rat
hippocampus. J. Neurosci. 19, 10082–10097.
Gulya´s, A.I., Sik, A., Payne, J.A., Kaila, K., and Freund, T.F. (2001). The
KCl cotransporter, KCC2, is highly expressed in the vicinity of excit-
atory synapses in the rat hippocampus. Eur. J. Neurosci. 13, 2205–
2217.
Gulya´s, A.I., Cravatt, B.F., Bracey, M.H., Dinh, T.P., Piomelli, D.,
Boscia, F., and Freund, T.F. (2004). Segregation of two endocannabi-
noid-hydrolyzing enzymes into pre- and postsynaptic compartments
in the rat hippocampus, cerebellum and amygdala. Eur. J. Neurosci.
20, 441–458.
Ha´jos, N., Papp, E.C., Acsady, L., Levey, A.I., and Freund, T.F. (1998).
Distinct interneuron types express m2 muscarinic receptor immunore-
activity on their dendrites or axon terminals in the hippocampus.
Neuroscience 82, 355–376.
Ha´jos, N., Katona, I., Naiem, S.S., MacKie, K., Ledent, C., Mody, I., and
Freund, T.F. (2000). Cannabinoids inhibit hippocampal GABAergic
transmission and network oscillations. Eur. J. Neurosci. 12, 3239–
3249.
Ha´jos, N., Palhalmi, J., Mann, E.O., Nemeth, B., Paulsen, O., and
Freund, T.F. (2004). Spike timing of distinct types of GABAergic inter-
neuron during hippocampal gamma oscillations in vitro. J. Neurosci.
24, 9127–9137.
Halasy, K., Buhl, E.H., Lorinczi, Z., Tamas, G., and Somogyi, P. (1996).
Synaptic target selectivity and input of GABAergic basket and bistrati-
fied interneurons in the CA1 area of the rat hippocampus. Hippocam-
pus 6, 306–329.
Neuron
ReviewHarris, K.D., Hirase, H., Leinekugel, X., Henze, D.A., and Buzsaki, G.
(2001). Temporal interaction between single spikes and complex spike
bursts in hippocampal pyramidal cells. Neuron 32, 141–149.
Hart, S.A., Snyder, M.A., Smejkalova, T., and Woolley, C.S. (2007).
Estrogen mobilizes a subset of estrogen receptor-alpha-immunoreac-
tive vesicles in inhibitory presynaptic boutons in hippocampal CA1.
J. Neurosci. 27, 2102–2111.
Hashimotodani, Y., Ohno-Shosaku, T., and Kano, M. (2007). Presyn-
aptic monoacylglycerol lipase activity determines basal endocannabi-
noid tone and terminates retrograde endocannabinoid signaling in the
hippocampus. J. Neurosci. 27, 1211–1219.
Hefft, S., and Jonas, P. (2005). Asynchronous GABA release generates
long-lasting inhibition at a hippocampal interneuron-principal neuron
synapse. Nat. Neurosci. 8, 1319–1328.
Howard, A., Tamas, G., and Soltesz, I. (2005). Lighting the chandelier:
new vistas for axo-axonic cells. Trends Neurosci. 28, 310–316.
Jacobs, B.L., and Azmitia, E.C. (1992). Structure and function of the
brain serotonin system. Physiol. Rev. 72, 165–229.
Jensen, O., Kaiser, J., and Lachaux, J.P. (2007). Human gamma-fre-
quency oscillations associated with attention and memory. Trends
Neurosci. 30, 317–324.
Jinno, S., Klausberger, T., Marton, L.F., Dalezios, Y., Roberts, J.D.,
Fuentealba, P., Bushong, E.A., Henze, D., Buzsaki, G., and Somogyi,
P. (2007). Neuronal diversity in GABAergic long-range projections
from the hippocampus. J. Neurosci. 27, 8790–8804.
Karson, M.A., Whittington, K.C., and Alger, B.E. (2007). Cholecystoki-
nin inhibits endocannabinoid-sensitive hippocampal IPSPs and stimu-
lates others. Neuropharmacology, in press. Published online July 1,
2007. 10.1016/j.neuropharm.2007.06.023.
Katona, I., Urban, G.M., Wallace, M., Ledent, C., Jung, K.M., Piomelli,
D., Mackie, K., and Freund, T.F. (2006). Molecular composition of the
endocannabinoid system at glutamatergic synapses. J. Neurosci. 26,
5628–5637.
Kawamura, Y., Fukaya, M., Maejima, T., Yoshida, T., Miura, E., Wata-
nabe, M., Ohno-Shosaku, T., and Kano, M. (2006). The CB1 cannabi-
noid receptor is the major cannabinoid receptor at excitatory presyn-
aptic sites in the hippocampus and cerebellum. J. Neurosci. 26,
2991–3001.
Klausberger, T., Magill, P.J., Marton, L.F., Roberts, J.D., Cobden,
P.M., Buzsaki, G., and Somogyi, P. (2003). Brain-state- and cell-
type-specific firing of hippocampal interneurons in vivo. Nature 421,
844–848.
Klausberger, T., Marton, L.F., O’Neill, J., Huck, J.H., Dalezios, Y.,
Fuentealba, P., Suen, W.Y., Papp, E., Kaneko, T., Watanabe, M.,
et al. (2005). Complementary roles of cholecystokinin- and parvalbu-
min-expressing GABAergic neurons in hippocampal network oscilla-
tions. J. Neurosci. 25, 9782–9793.
Kraushaar, U., and Jonas, P. (2000). Efficacy and stability of quantal
GABA release at a hippocampal interneuron-principal neuron syn-
apse. J. Neurosci. 20, 5594–5607.
Lambert, N.A., and Wilson, W.A. (1993). Heterogeneity in presynaptic
regulation of GABA release from hippocampal inhibitory neurons.
Neuron 11, 1057–1067.
Losonczy, A., Biro, A.A., and Nusser, Z. (2004). Persistently active
cannabinoid receptors mute a subpopulation of hippocampal inter-
neurons. Proc. Natl. Acad. Sci. USA 101, 1362–1367.
Maccaferri, G., Roberts, J.D., Szucs, P., Cottingham, C.A., and Somo-
gyi, P. (2000). Cell surface domain specific postsynaptic currents
evoked by identified GABAergic neurones in rat hippocampus in vitro.
J. Physiol. 524, 91–116.
Magloczky, Z., and Freund, T.F. (2005). Impaired and repaired inhibi-
tory circuits in the epileptic human hippocampus. Trends Neurosci.
28, 334–340.Makara, J.K., Katona, I., Nyiri, G., Ne´meth, B., Ledent, C., Watanabe,
M., de Vente, J., Freund, T.F., and Hajos, N. (2007). Involvement of
nitric oxide in depolarization-induced suppression of inhibition in
hippocampal pyramidal cells during activation of cholinergic recep-
tors. J. Neurosci. 27, 10211–10222.
Mann, E.O., Suckling, J.M., Hajos, N., Greenfield, S.A., and Paulsen,
O. (2005). Perisomatic feedback inhibition underlies cholinergically
induced fast network oscillations in the rat hippocampus in vitro.
Neuron 45, 105–117.
Ma´tya´s, F., Freund, T.F., and Gulyas, A.I. (2004). Convergence of excit-
atory and inhibitory inputs onto CCK-containing basket cells in the CA1
area of the rat hippocampus. Eur. J. Neurosci. 19, 1243–1256.
Maurer, A.P., and McNaughton, B.L. (2007). Network and intrinsic
cellular mechanisms underlying theta phase precession of hippocam-
pal neurons. Trends Neurosci. 30, 325–333.
Megias, M., Emri, Z., Freund, T.F., and Gulyas, A.I. (2001). Total
number and distribution of inhibitory and excitatory synapses on hip-
pocampal CA1 pyramidal cells. Neuroscience 102, 527–540.
Miles, R., Toth, K., Gulyas, A.I., Hajos, N., and Freund, T.F. (1996).
Differences between somatic and dendritic inhibition in the hippocam-
pus. Neuron 16, 815–823.
Monory, K., Massa, F., Egertova, M., Eder, M., Blaudzun, H., Westen-
broek, R., Kelsch, W., Jacob, W., Marsch, R., Ekker, M., et al. (2006).
The endocannabinoid system controls key epileptogenic circuits in the
hippocampus. Neuron 51, 455–466.
Morales, M., and Bloom, F.E. (1997). The 5-HT3 receptor is present in
different subpopulations of GABAergic neurons in the rat telencepha-
lon. J. Neurosci. 17, 3157–3167.
Neu, A., Foldy, C., and Soltesz, I. (2007). Postsynaptic origin of CB1-
dependent tonic inhibition of GABA release at cholecystokinin-positive
basket cell to pyramidal cell synapses in the CA1 region of the rat hip-
pocampus. J. Physiol. 578, 233–247.
Nyiri, G., Stephenson, F.A., Freund, T.F., and Somogyi, P. (2003).
Large variability in synaptic N-methyl-D-aspartate receptor density
on interneurons and a comparison with pyramidal-cell spines in the
rat hippocampus. Neuroscience 119, 347–363.
Nyiri, G., Cserep, C., Szabadits, E., Mackie, K., and Freund, T.F.
(2005). CB1 cannabinoid receptors are enriched in the perisynaptic
annulus and on preterminal segments of hippocampal GABAergic
axons. Neuroscience 136, 811–822.
Ogiwara, I., Miyamoto, H., Morita, N., Atapour, N., Mazaki, E., Inoue, I.,
Takeuchi, T., Itohara, S., Yanagawa, Y., Obata, K., et al. (2007). Nav1.1
localizes to axons of parvalbumin-positive inhibitory interneurons: A
circuit basis for epileptic seizures in mice carrying an Scn1a gene
mutation. J. Neurosci. 27, 5903–5914.
O’Keefe, J., and Recce, M.L. (1993). Phase relationship between hip-
pocampal place units and the EEG theta rhythm. Hippocampus 3,
317–330.
Palhalmi, J., Paulsen, O., Freund, T.F., and Hajos, N. (2004). Distinct
properties of carbachol- and DHPG-induced network oscillations in
hippocampal slices. Neuropharmacology 47, 381–389.
Papp, E., Leinekugel, X., Henze, D.A., Lee, J., and Buzsaki, G. (2001).
The apical shaft of CA1 pyramidal cells is under GABAergic interneu-
ronal control. Neuroscience 102, 715–721.
Pawelzik, H., Hughes, D.I., and Thomson, A.M. (2002). Physiological
and morphological diversity of immunocytochemically defined parval-
bumin- and cholecystokinin-positive interneurones in CA1 of the adult
rat hippocampus. J. Comp. Neurol. 443, 346–367.
Porter, J.T., Cauli, B., Tsuzuki, K., Lambolez, B., Rossier, J., and Audi-
nat, E. (1999). Selective excitation of subtypes of neocortical interneu-
rons by nicotinic receptors. J. Neurosci. 19, 5228–5235.
Robbe, D., Montgomery, S.M., Thome, A., Rueda-Orozco, P.E.,
McNaughton, B.L., and Buzsaki, G. (2006). Cannabinoids revealNeuron 56, October 4, 2007 ª2007 Elsevier Inc. 41
Neuron
Reviewimportance of spike timing coordination in hippocampal function. Nat.
Neurosci. 9, 1526–1533.
Sloviter, R.S., Ali-Akbarian, L., Elliott, R.C., Bowery, B.J., and Bowery,
N.G. (1999). Localization of GABA(B) (R1) receptors in the rat hippo-
campus by immunocytochemistry and high resolution autoradiogra-
phy, with specific reference to its localization in identified hippocampal
interneuron subpopulations. Neuropharmacology 38, 1707–1721.
Soltesz, I. (2005). Diversity in the Neuronal Machine (New York: Oxford
University Press).
Somogyi, P. (1977). A specific ‘axo-axonal’ interneuron in the visual
cortex of the rat. Brain Res. 136, 345–350.
Somogyi, P., and Klausberger, T. (2005). Defined types of cortical
interneurone structure space and spike timing in the hippocampus.
J. Physiol. 562, 9–26.
Somogyi, P., Tamas, G., Lujan, R., and Buhl, E.H. (1998). Salient fea-
tures of synaptic organisation in the cerebral cortex. Brain Res. 26,
113–135.
Szabadics, J., Varga, C., Molnar, G., Olah, S., Barzo, P., and Tamas, G.
(2006). Excitatory effect of GABAergic axo-axonic cells in cortical mi-
crocircuits. Science 311, 233–235.
Szabadits, E., Cserep, C., Ludanyi, A., Katona, I., Gracia-Llanes, J.,
Freund, T.F., and Nyiri, G. (2007). Hippocampal GABAergic synapses42 Neuron 56, October 4, 2007 ª2007 Elsevier Inc.possess the molecular machinery for retrograde nitric oxide signaling.
J. Neurosci. 27, 8101–8111.
Tamas, G., Buhl, E.H., Lorincz, A., and Somogyi, P. (2000). Proximally
targeted GABAergic synapses and gap junctions synchronize cortical
interneurons. Nat. Neurosci. 3, 366–371.
Tiemeier, H., Schuit, S.C., den Heijer, T., van Meurs, J.B., van Tuijl,
H.R., Hofman, A., Breteler, M.M., Pols, H.A., and Uitterlinden, A.G.
(2005). Estrogen receptor alpha gene polymorphisms and anxiety dis-
order in an elderly population. Mol. Psychiatry 10, 806–807.
Tukker, J.J., Fuentealba, P., Hartwich, K., Somogyi, P., and Klaus-
berger, T. (2007). Cell type-specific tuning of hippocampal interneuron
firing during gamma oscillations in vivo. J. Neurosci. 27, 8184–8189.
Vida, I., Bartos, M., and Jonas, P. (2006). Shunting inhibition improves
robustness of gamma oscillations in hippocampal interneuron net-
works by homogenizing firing rates. Neuron 49, 107–117.
Whittington, M.A., Traub, R.D., Faulkner, H.J., Jefferys, J.G., and Chet-
tiar, K. (1998). Morphine disrupts long-range synchrony of gamma os-
cillations in hippocampal slices. Proc. Natl. Acad. Sci. USA 95, 5807–
5811.
Wilson, R.I., and Nicoll, R.A. (2002). Endocannabinoid signaling in the
brain. Science 296, 678–682.
